SUMMARY
The mechanisms underlying taurelated synaptic and cognitive deficits and the interrelationships between tau species, their clearance pathways and synaptic impairments remain poorly understood. To gain insight into these mechanisms, we examined these interrelationships in aged non-mutant genomic human tau (htau) mice, with established tau pathology and neuron loss. We also examined how these interrelationships changed with an intervention by feeding mice either a control diet or one containing the brain permeable amyloid-and tau-binding molecule curcumin. Transgene dependent elevations in soluble and insoluble phospho-tau monomer and soluble tau dimers accompanied deficits in behavior, hippocampal excitatory synaptic markers and molecular chaperones (heat shock proteins, HSPs) involved in tau degradation and microtubule stability. In htau mice but not control mice, HSP70, HSP70/HSP72 and HSP90 were selectively reduced in membraneenriched fractions but not in cytosolic fractions. The synaptic proteins PSD95 and NR2B were reduced in dendritic fields and redistributed into perikarya, corresponding to changes observed by immunoblot. Curcumin selectively suppressed levels of soluble tau dimers, but not of insoluble and monomeric phospho-tau, while correcting behavioral, synaptic and HSP deficits. Treatment increased PSD95 co-immunoprecipitating with NR2B and increased transgene-independent HSPs implicated in tau clearance. It elevated HSP90 and HSC70 without increasing HSP mRNAs, that is without induction of the heat shock response. Instead curcumin differentially impacted HSP90 client kinases, selectively reducing fyn, without reducing Akt. In summary curcumin reduced soluble tau and elevated HSPs involved in tau clearance, showing that even after tangles have formed, tau-dependent behavioral and synaptic deficits can be corrected.
Insoluble intracellular tau deposits represent pathological signatures for several neurodegenerative diseases, including Alzheimer's disease (AD). In AD, multiple factors, including the dysregulation of tau kinases and phosphatases (1, 2) , can lead to accumulation of insoluble filaments of hyperphosphorylated microtubule-associated protein tau (p-tau) that form neurofibrillary tangles (NFTs). Cortical NFTs can correlate with severity of cognitive impairment in AD (3) . However, recent work bolsters the hypothesis that soluble tau is a critical player in cognitive and synaptic dysfunction (4, 5) . Since, after P301L tau transgene repression, improvement of memory and slowing of neuronal loss occurs without reducing NFT density, NFT density can be dissociated from cognitive decline and neuronal death (6) (7) (8) . In fact, irrespective of NFT inclusions, neurons from rTg4510 mice demonstrate similar electrophysiological deficits, dendritic atrophy and spine loss (9) , and in other mutant tau models synapse loss precedes NFT deposition (10, 11) . Further, aged mice, expressing native human tau but lacking NFTs, still develop memory deficits in conjunction with increased soluble hyperphosphorylated tau and synapse loss (2) . Strategies such as tau epitope-specific vaccines (12) or drugs that specifically alter selective tau assemblies should target pathogenic soluble p-tau species, without impacting nonpathogenic p-tau species (13) .
The heat shock protein (HSP) system is implicated in the regulation of microtubule stability and in disposal of mis-folded toxic tau via multiple mechanisms (14) (15) (16) . HSC70 and HSP70 bind directly to tau, independent of tau phosphorylation, facilitating microtubule polymerization, and limiting tau aggregation (17) . However, in AD, HSP dysregulation is not fully understood, making it difficult to determine if its modulation could be used as a therapeutic intervention (18) . Other HSPs could also play a role in AD. For example, HSP90 controls protein turnover using co-chaperones that recruit to the complex client proteins, particularly tau and shortlived kinases like fyn and Akt, that are either refolded and released or ubiquitinated and degraded (19, 20) .
Since AD lacks tau mutations, we chose wild-type human tau (htau) transgenic mice that exhibit NFTs, neuron loss and cognitive deficits by 12 months of age (21, 22) . We first evaluated the association of different p-tau species with cognitive and synaptic deficits. Next we compared this association with htau mice maintained on diets with and without curcumin, a candidate antitau treatment and blood-brain barrier permeable amyloid binding dye, that recognizes amyloidogenic segments within tau and β-amyloid (23) . Oral curcumin is known to reduce Aβ plaque burden or size (24) (25) (26) . To best emulate potential in human clinical trials in subjects who typically have existing NFT deposition, we delayed treatment until significant tau pathology and neuron loss had developed and begun to plateau in aged htau mice. (27) were compared against background strain control mice (wild-type C57Bl/6J) obtained from Jackson Laboratories (Bar Harbor, ME). The htau mice express human genomic wild-type tau on a mouse tau KO/C57Bl background and begin to develop tau pathology at 2 months of age, which begins to plateau around 15 to 16 months of age (21, 22) . Synaptic and cognitive deficits and NFTs are present at 11-12 months of age, and neuron loss is seen by 17 months of age. Male agematched htau and C57Bl/6J mice were 15 to 16 months old at the start of this study. In the control group (n=11) htau were fed PMI 5015 (International LabDiet, St. Louis, MO) also known as breeder chow, and two were excluded in behavioral analysis for blindness. Similarly in the htau fed the curcumin "SLN" diet (n= 9), two were excluded in behavioral analysis for blindness or motor deficits. The third group was transgene negative, using C57bl background (with mouse tau, n=10). One or two females were included in each htau group and did not differ from males in any other respect. Diets -All treatments were added to the standard base mouse chow used as the control diet, and prior to treatment in all mice. That is, the htau mice were fed PMI 5015 with or without 500 ppm curcumin in a lipidated formulation "SLN" (Longvida, Verdure Sciences, Indianapolis, IN). Longvida curcumin is manufactured by a Good Manufacturing Practices (GMP) facility with rigorous quality control and has shown higher levels of brain bioavailable free curcumin in human pharmacokinetic studies than comparable curcumin formulations on the market (28) . Furthermore, Longvida curcumin has undergone extensive safety testing, showing a similar high safety profile (29) equivalent to turmeric oleoresin (85% curcumin), which is listed by the FDA as Generally Recognized as Safe (GRAS). All diets were prepared by Harlan Teklad (Madison, WI). Curcumin levels in the brain were determined by LC/MS/MS as previously described (25) . Y maze -The Y maze was constructed of opaque white Plexiglas with three arms of 5.08 cm in width and 12.7 cm in height. The length of each of the two goal arms, which met at a 45˚ angle, was 15.24 cm, while the length of the start arm was 20.32 cm. Each animal was placed in the start arm facing the intersection of the two goal arms and allowed to explore the maze for 7 minutes. The total number and sequences of arm entries was recorded. A completed spontaneous alternation consisted of three consecutive nonrepeating arm entries. Alternation percentage was calculated as the quotient of completed alternations to total possible alternations and served as measure of spatial working memory (30) . Total number of arm entries served as a measure of general activity. Novel Object Recognition -Novel Object Recognition (NOR) was administered as previously described (31) . Briefly, we used a 30 x 27 x 30 cm opaque white Plexiglas testing chamber that included a floor comprised of thirtysix 3.2 mm rods in a polypropylene frame and an overhead camera to record behavior. On Day 1, mice were acclimated to the empty test chamber for 5 minutes. On Days 2 and 3, they were allowed to explore pairs of identical objects (either two red marbles or two green dice) attached to circular bases mounted on the grid floor for 5 minutes. Each animal was presented with the same object pairs on both days. On Day 4, each animal was presented with one of the sample objects from Days 2 and 3, and one novel object and allowed to explore these objects for 5 minutes. Total time spent exploring each object was recorded. Morris Water Maze -Animals were tested in the Morris Water Maze (MWM) at 19-20 months of age. The MWM was run in a white pool of 1.524 m diameter using opaque water (Crayola® Artista II Washable Tempera Paint) at 23-26°C. Large distal spatial cues were placed on each of the four walls of the room. Swims were recorded by video camera, and HVS 2020 software (HVS Image Ltd., UK) was used to calculate path lengths, latencies, and swim speeds.
EXPERIMENTAL PROCEDURES
Mice were first trained on hiddenplatform MWM for 4 trials per block day over 5 consecutive days (for a total of 20 trials). On each trial, animals were placed in the pool at one of four start points and allowed to swim for a maximum of 60 seconds to find the escape platform (15 cm in diameter), which was submerged 1 cm below the water surface and remained in a fixed location for all 20 trials. After reaching the platform, or being guided to it after 60 seconds, animals were allowed to rest for 15 seconds before the start of the next trial. Brain Tissue Preparation -Prior to sacrifice, mice were anesthetized with a lethal dose of pentobarbital (100 mg/kg) and intracardially perfused with a non-fixative proteinase inhibitor buffer as previously described (24) . Half of the brain was immersion-fixed in 4% paraformaldehyde and cryosectioned, and the remaining half of the brain was dissected and snap-frozen in liquid nitrogen for biochemical analysis.
Mouse brain hippocampal tissue samples were sequentially extracted into three fractions. Samples were first sonicated in tris-buffered saline (TBS), then ultracentrifugated at 55,000 rpm (RCF = 100,000 x g) for 20 minutes. The resulting supernatant, representing the TBS (soluble/cytosol) fraction was removed and the remaining pellet was then sonicated in lysis buffer containing 1% Triton X-100, 0.5% sodium deoxycholate and 0.5% SDS and re-ultracentrifugated at 55,000 rpm (RCF = 100,000 xg) for 20 minutes.
This second supernatant, representing the lysis (membrane) fraction was removed and the remaining pellet was sonicated in 2% SDS buffer to produce the SDS (cytoskeletal) fraction. The TBS supernatant fraction was used to assess soluble tau, whereas the pellet extracted with lysis and SDS was used to assess insoluble tau. Synaptosome preparations were as previously described (32) . Immunoblots -Protein concentrations for individual samples were determined using the Bio-Rad DC protein assay (Bio-Rad, Hercules, CA). Samples were added to a Laemmli loading buffer and boiled for 3 min. Thirty µg of protein per well were electrophoresed on 7-15% Trisglycine gradient gels and transferred to Immobilon-P PVDF membranes (Millipore, Bedford, MA). Blots were developed in the linear range with West Femto (Thermo Fisher Pierce, Rockford, IL) and relative optical density on film was scanned with a Bio-Rad densitometer. Statistical analysis -Statistical analyses were performed with SPSS 16.0 for Mac or StatView 5.0 software for PC. Biochemical and behavioral data were compared between genotypes and treatment groups using one-way or repeated measures analyses of variance (ANOVAs). Post hoc analyses were conducted with Fisher LSD tests.
RESULTS

Selective suppression of soluble tau dimers by
curcumin in aged htau mice -Although htau mice develop age-dependent NFTs with neuronal hyperphosphorylated tau accumulation by 12 months of age (22, 27) , progression of pathophysiology beyond 17 months of age, specifically in relation to synaptic dysfunction or the presence of tau dimers, is not well understood. Using antibodies against three distinct epitopes (PHF-1, pS422 and total tau), immunoblots from hippocampal TBS fractions of 19-20 month old htau mice showed increases in 140 kDa tau dimer relative to wild-type (WT) mice, (Fig. 1A-D) , while all three fractions (TBS, lysis and SDS) showed elevated monomeric tau (~52-75 kDa, Fig.  1E-O) . Similar tau dimers have also been called tau multimers (140 and 170 KDa) or tau oligomers (8) . Here we refer to the 140 kDa band as tau dimers (33) and other high molecular bands above 140 kDa band as tau oligomers. Tau dimers and higher MW oligomers were confirmed by immunoblot with human tau-specific tau 13 antibody ( Figure S2 , A). Dr. Takashima's group Sahara et al (2007) reported 140 kDa tau dimers that appeared to be stable and formed by cysteinedependent and cysteine-independent interactions (33) . Analysis of TBS samples by non-reducing and on reducing SDS-PAGE with or without 100 µM DTT showed that most tau dimers and high molecular weight tau oligomers are cysteinedependent while only low levels of tau dimers were resistant to DTT reduction leaving a very weak 140 kDa band on reducing SDS-PAGE (cysteine-independent).
The diketone bridge of the biphenolic curcumin molecule is essential for antiamyloidogenic effects in APPsw AD models (25) . Since it binds β-sheet structures, including NFTs (34), and co-crystallizes with the β-sheet core of tau (23), we sought to determine whether curcumin disrupts tau aggregation and/or pathogenesis. Consistent with BBB penetration, curcumin levels in the cerebellum were measured by LC/MS/MS (25) in a subset of mice and were 198.3 nM + 5.9 for curcumin-fed htau mice (n=7) compared to non-detectable levels in control dietfed htau mice (n=3). Curcumin reduced levels of soluble ~140 kDa tau dimers in TBS fractions detected by PHF-1, pS422, and total tau antibodies ( Fig. 1A-D) . However curcumin did not alter soluble monomeric (~52-75 kDa) p-tau or total tau, nor did it alter insoluble tau levels measured from lysis and SDS fractions (Fig. 1E-O) . Aberrant redistribution of excitatory synaptic proteins in aged htau mice -The lysis fraction extracts were enriched in excitatory synaptic proteins NR2B and PSD-95. Although synaptosome preparations showed these proteins were predominantly synaptic, results were consistent with an additional enrichment of NR2B in synaptosomes ( Figure S1A ), consistent with some extrasynaptic NR2B and PSD95, while PSD95 and NR2B colocalized in IP studies, suggesting significant synaptic localization ( Figure S1 ). By 12 months of age, htau mice exhibited deficits in cognition and long-term potentiation (21) . To evaluate the progression of synaptic protein pathology at 19-20 months of age with either control-or curcumin-supplemented diets, we measured the levels of the excitatory synaptic proteins NR2B and PSD-95, and fyn, a Src family tyrosine kinase that binds directly to tau. Fyn phosphorylates and regulates NR2B's insertion into the NMDA receptor complex (35) . Relative to WT mice, hippocampal lysis fractions from htau mice exhibited significant reductions of PSD-95 and NR2B ( Fig. 2A,B) , while SDS extracts showed elevated levels of PSD-95, NR2B and fyn (Fig. 2C) . In contrast, levels of the inhibitory synaptic marker GABA-A were similar in htau and WT mice in both the lysis and SDS fractions (not shown).
Curcumin supplementation reversed the transgene-associated redistribution of PSD-95 and NR2B in both fractions ( Fig. 2A,B ) and increased fyn in the SDS fraction (Fig. 2C) . Although fyn in the lysis fraction was not affected by transgene, it was reduced by curcumin (Fig. 2C) .
NR2B levels in the lysis fraction from untreated htau mice correlated inversely with soluble 140 kDa tau dimer levels in the TBS fractions detected by pS422 antibody (R = 0.930, p < 0.0001), but did not correlate with soluble ~52-75 kDa tau monomer from TBS (R = 0.195, p = 0.470) or insoluble ~52-75 kDa tau monomer levels from SDS fractions (R = 0.182, p = 0.498, not shown).
To further understand whether curcumin affects tau-fyn interaction and the functional complex of PSD-95/NR2B, we performed coimmunoprecipitation (Co-IP) experiments. Figure  S3 , A-D depict Co-IP of fyn with tau and indicate that curcumin-treated mice show increased fyn to tau ratio compared to untreated htau mice (p <0.05). In the line with this, Figure S1 , B-E Co-IP of PSD-95 with NR2B demonstrated that curcumin significantly elevated the ratio of PSD-95/NR2B (p < 0.001), suggesting curcumin increased NR2B complexed with PSD-95, a synaptic event regulated by fyn, showing curcumin partially restored the postsynaptic NMDA receptor complex.
These synaptic protein changes were consistent with confocal immunohistochemistry (Fig. 3) . In WT mice NR2B was distributed in a punctate pattern along MAP-2 labeled CA1 dendrites (left panel), while in the htau NR2B-ir larger globular structures emerged (arrowheads) with noticeably fewer NR2B-ir puncta (middle panel, Fig. 3A ). This aberrant NR2B distribution improved in curcumin-treated htau animals (right panel, Fig. 3A) . Figure 3B illustrates tyrosine phosphorylated "synaptic" NR2B associated with PSD-95, indicating that compared to WT mice (left panel), htau mice maintained on control diet demonstrated large reductions in both PSD95 and phosphorylated NR2B (middle panel), that appeared restored by curcumin (right panel). Heat shock proteins are reduced in aged htau lysis fractions and increased by curcumin -We examined levels of HSPs, which appear to play critical roles in microtubule stability and tau degradation (17, 18) . There were tau transgeneassociated increase trends in HSP90 (p = 0.06) and significant reductions in HSP70 and stressinduced HSP70 (HSP70/HSP72, Fig. 4A-D) , but there were no transgene effects on "cognate" HSC70 or the carboxy terminus of HSP70-interacting protein (CHIP), a tau ubiquitin ligase, in lysis fractions (Fig. 4 E and F) . Curcumin corrected tau transgene-dependent defects in HSP90, HSP70 and HSP70/HSP72. Compared to both other groups curcumin increased HSC70 levels more than 50% (p < 0.05's, Fig. 4E ), marginally increased levels of CHIP (p = 0.079, Behavioral deficits in aged htau mice are ameliorated by curcumin -Human tau mice exhibit deficits in performance on Morris water maze (MWM) and novel object recognition (NOR) tasks by 12 months of age (21) . While it is more difficult to evaluate cognition in aged mice, which may have visual or motor impairments, we sought to determine whether the more advanced tau pathology seen in 19-20 month-old untreated htau mice resulted in more robust behavioral deficits relative to WT mice and curcumin-treated htau mice.
Significant group, day, and group x day (p < 0.05's) effects were seen on the hiddenplatform version of the MWM. Untreated htau mice exhibited significantly longer latencies to the hidden platform than the WT mice by Day 5 (p = 0.001). Swim speeds were slower in the untreated htau group than in the WT group on each day of testing (Fig. 5B) , and in contrast with the other groups, swim speeds in the untreated htau group decreased after Day 1 (p = 0.023), suggesting these animals became less motivated to locate the platform. Curcumin-treated htau mice performed similarly to WT mice and significantly better than untreated htau mice (p = 0.002) by Day 5 (Fig.  5A) , even though swim speeds remained slower in curcumin-treated htau animals than WT controls (p < 0.01, Fig. 5B ). Since poorer performance in untreated htau mice may have been due to deficits in memory, vision, motor skills, and/or motivation, we conducted additional behavioral testing to clarify these possibilities.
Visible-platform MWM was administered after hidden-platform MWM training (Fig. 5C ). Across trials, there was a significant effect of group (p = 0.003) and a marginal effect of trial (p = 0.072). Untreated htau mice exhibited longer swim latencies to the visible platform than WT mice (p = 0.002, Fig. 5D ). However, the group x trial interaction was not significant, suggesting that visible platform performance improved at a similar rate in all groups. Curcumin-treated htau mice performed similarly to WT mice on the visible-platform MWM task (p = 0.99) and significantly better than untreated htau mice (p = 0.004, Fig. 5C,D) , even though they swam more slowly than WT mice during the first two trials. Spontaneous alternation in the Y-maze has been used as a measure of spatial working memory (30) . The three experimental groups exhibited similar alternation rates and numbers of arm entries (Fig.  5E,F) . Novel Object Recognition (NOR) testing included two sessions of sample object exploration and a third session where mice could explore the sample object and/or a novel object. Across all three sessions, less object exploration was seen in untreated htau mice relative to WT mice (p = 0.002). In contrast, similar object exploration was seen in curcumin-treated htau and WT mice (p = 0.22; Fig. 5G ). With the highly variable performance of aged htau mice, the percent preference for the novel object during the test session did not differ between groups (Fig.  5H) . However, one-sample t-tests indicated that the preference for the novel object was significantly greater than chance (50%) in the WT group (p = 0.006), but not in the htau group (p = 0.94).
Taken together, these findings suggest that the poorer hidden-platform MWM performance in untreated htau animals is more likely to be attributable to memory and/or motivational deficits and less likely to be attributable to gross motor and/or visual deficits. Furthermore, curcumin treatment of htau mice improved both visual-and hidden-platform MWM performance without increasing swim speed, suggesting that this intervention does not simply improve motor function.
DISCUSSION
Our data associate soluble tau dimers and exclude both soluble p-tau monomer and insoluble tau in the curcumin-correction of behavioral and NMDA receptor complex deficits in the aged htau transgenic tauopathy model. While multiple tau species were elevated, curcumin selectively suppressed soluble tau dimers and corrected aberrant excitatory synaptic protein expression, behavior and HSP defects. In conjunction with the abundant evidence of the HSP system in clearance of tau, our evidence suggests that HSP upregulation likely contributes to curcumin's effects on tau dimer reduction and neuroprotection.
Our data associate soluble tau dimers and exclude both soluble p-tau monomer and insoluble tau in the curcumin-correction of behavioral and NMDA receptor complex deficits in the aged htau transgenic tauopathy model. In fact curcumin selectively suppressed soluble tau dimers and corrected aberrant excitatory synaptic protein expression, behavior and HSP defects, despite multiple tau species remaining elevated. Our data suggest that HSP upregulation likely contributes to curcumin's effects on tau dimer reduction and neuroprotection and is consistent with emerging evidence showing a major role for HSPs in tau removal.
While this report is consistent with a pathogenic role of all soluble tau in behavior deficits (7, 36) , it is the first report of a small molecule selectively reducing only soluble tau dimers/oligomers, which corresponded to a correction of synaptic and behavior deficits. In rTg4510 mice, memory deficits correlated with tau dimers, but also with sarkosyl-insoluble 64 kDa tau (8) .
In AD, conformational changes in soluble tau emerge early (37) leading to the formation of granular oligomers that precede NFT (38, 39) . Tau dimers occur both with sporadic AD and FTDP-17 mutations as well as in cell and mouse tau models (8, 33) .
Tau-related pathogenesis (HSPs, NMDAR, behavior) paralleled the levels of SDS stable soluble tau dimers in reducing gels, suggesting the involvement of stabilizing factors beyond disulfide bonds, such as cross-linking from lipid peroxidation (40) .
Curcumin reduced total and p-tau dimers and restored dysregulated excitatory synaptic proteins, suggesting that tau dimers represent a significant synaptotoxic species. Anti-parallel tau dimers can induce excessive microtubule bundling, resulting in organelle transport deficits and dendritic spine loss (41) . Tau also binds and bundles actin (42) , raising the possibility that tau dimers disrupt dendritic spine actin dynamics, critical for normal learning and memory (43) . Soluble tau species are implicated in synaptic deficits in the rTg4510 model. In control mice tau is predominantly axonal, but in mutant mice it redistributes to dendritic spines where it is bound to actin (44) .
We found NR2B and PSD-95 depleted in membrane-enriched lysis fractions yet elevated in tangle and cytoskeletal-enriched SDS extracts, suggesting defects in shuttling between PSD95 complexes and lipid rafts. Our coimmunoprecipitation and synaptosome results argue that changes in these synaptic proteins are predominantly synaptic as opposed to extrasynaptic. Lipid rafts and postsynaptic densities (PSDs) normally exchange important signaling proteins including NMDA receptor subunits, PSD-95 and downstream kinases (45) . Shuttling of NMDAR components and PSD-95 from the PSD to the rafts is reduced after ischemia and increased after spatial learning (45, 46) . Confocal microscopy confirms a tau-dependent shift of NR2B from synaptic puncta along dendrites in WT mice to larger abnormal structures in untreated but not curcumin-treated htau mice. This would be consistent with tau dimer disruption of receptor localization to the PSD, a process involving src/fyn family kinases.
Fyn kinases, transported by tau may mediate tau dimer-induced dendritic toxicity. For example, NR2B translocation and retention in the PSD NMDAR complex (35) is regulated by fyn, a kinase that binds, travels with and phosphorylates tau at Tyr18. Since Fyn is lost from synaptic sites and co-localizes with NFTs in clinical AD (47) and AD models (48) , this suggests tau aggregation does not compromise fyn binding but instead mislocalizes fyn to aggregates (NFT). The htau transgene resulted in elevations in fyn in SDS fractions enriched in insoluble tau, consistent with fyn involvement in AD tauopathy. Dendritic taufyn interactions also mediate NR2B localization and Aβ oligomer synaptotoxicity (49) . Our Co-IP data also confirm tau-fyn interaction in WT and htau mice, but surprisingly curcumin enhanced this interaction in htau mice compared to untreated hau mice. This was companied by the elevation of PSD-95 associated with NR2B complex and improved behavior, suggesting the increased fyn/tau interactions in htau mice are not toxic. Since fyn binding to tau is modulated by both phosphorylation-regulated SH3 domains and the ratio of 3R to 4R tau, curcumin may have altered either or both factors to increase tau/fyn binding. While additional aged curcumin treated mice are needed to clarify the mechanisms, preliminary experiments using pooled samples and AT180 recognizing phosphoserine 231 tau suggest that curcumin reduced phosphorylation of tau at this SH3 domain, which would increase tau/fyn binding (50) and mitigate curcumin's large reduction in fyn levels. Fyn is a key molecule determining the localization of BDNF receptor TrkB in lipid rafts and linking the TrkB with NMDA receptors (51) that play an important role in spatial memory formation (52) . This is the first report to show HSP defects in the tau model, and that dimers correlated with HSP defects. HSPs are enriched at excitatory and inhibitory synapses and can regulate stabilization of synaptic receptor clusters (53, 54) as well as clearance of mis-folded tau (55) . Tau transgene-dependent defects in HSP70/HSP72 and HSP70 were found in the membrane fraction, and there was a trend for reduction in HSP90. HSPs stabilize microtubules and control tau degradation (14, 17, 18, 56) . Thus the transgene-dependent reductions in HSPs in the membrane fraction of aged htau mice may contribute to microtubule instability or a failure to prevent aggregation or remove toxic tau aggregates. HSP70 and HSP90 can promote tau solubility and its binding to microtubules as well as reduce insoluble tau and p-tau (14) . Overexpression of inducible HSP70 reduces soluble and insoluble tau levels in aged mice (57) . However, with our late post-tangle intervention, we observed HSP levels inversely correlated only with soluble tau oligomers, while curcumin did not affect insoluble tau. Our findings may be specific to late intervention after NFT formation and in the plateau phase of insoluble tau. In AD, HSP90 negatively correlates with granular tau oligomers, suggesting that saturation of the HSP90 chaperone system may promote nascent tau aggregation (58), consistent with curcumin and HSP protection or clearance of still soluble mis-folded tau.
Curcumin's stimulatory effects on levels of selected HSPs may in part be explained by HSP90 binding and/or inhibitory activity (59) . HSP90 inhibition, typically increases HSP90 and HSP70 levels via feedback to HSF-1 (15) . Curcumin elevated HSP90 protein in both cytosolic and membrane-enriched fractions, which could enhance mis-folded tau clearance by CHIP/HSP90. HSP90 inhibition is also consistent with curcumin's correction of transgenedependent HSP70 and HSP70/HSP72 defects. Furthermore, both tau dimer and the HSP90 client kinase fyn (19, 20) were reduced by curcumin (Fig.  2c ) without impacting pSer262tau (not shown), a tau species unrecognized by the CHIP/HSP90 complex (15) .
However, brain levels of curcumin were only ~200 nM, well below the ~6 µM IC50 for HSP90 inhibition by curcumin and in our htau mice HSP levels were altered in the absence of HSP70 or HSP90 mRNA increases (not shown) induced by HSP90 inhibitors. Unlike classical HSP induction by toxins and HSP90 inhibitors, curcumin upregulated HSP70 only in the membrane fraction, but did not reduce other ADrelevant HSP90 client proteins such as Akt (not shown). Further, similar levels of brain curcumin did not increase HSP levels in wild type mice (not shown). Thus, curcumin may be acting via an alternative mechanism selectively altering HSP90 co-chaperone interactions, for example through a high affinity 6 nM HSP90 binding site of unknown function (59) .
In addition to correcting transgenedependent defects, curcumin also increased membrane-bound HSC70, a neuroprotective synaptic and lipid raft component (60) required for tau chaperone-mediated autophagy (55) . Therefore, curcumin's actions on tau may be mediated by HSP90-and HSP70/HSC70-related mechanisms.
We cannot fully exclude HSPindependent mechanisms such as curcumin binding to NFTs (34) and PHF β-pleated sheet cores (23) , which could directly inhibit tau formation. Alternatively, since amyloid probes can induce HSPs (61), it is possible that curcumin binds to tau (23) and stimulates HSPs. Nor can we exclude lipid peroxidation and nitration, which are also inhibited by curcumin (25) and influence tau polymerization, and aggregate stability (40, (62) (63) (64) . However, in this paradigm, curcumin did not reduce iNOS expression (not shown), and these alternatives do not explain the selective persistence of pSer262 tau after curcumin treatment, an otherwise puzzling observation that, like fyn loss, is consistent with selectively enhanced HSP90 clearance.
Prior work with 12 month-old htau mice demonstrated spatial and non-spatial memory deficits in the presence of intact sensorimotor function (21) . Our behavioral experiments with 19-20 month-old htau illustrate more profound deficits in hidden-platform MWM that likely reflect both the previously described memory deficits and additional motivational deficits associated with further aging in this model, given the slower swim speeds in the MWM and decreased active exploration on NOR. Although additional contributions of visual or motor dysfunction cannot be entirely ruled out, the hypothesized presence of apathy in untreated htau mice is consistent with previous work demonstrating apathy in other models of AD (65) and correlations between apathy and cortical tau pathology in human AD (66) . Regardless of whether the behavioral deficits seen in aged htau mice are primarily attributable to cognitive, motivational, visual, and/or motor impairments, these deficits were ameliorated by chronic curcumin treatment.
We hypothesize that curcumin-related lowering of selective tau species and correction of excitatory synaptic markers associated with normal neuronal signaling underlies the improvement in MWM indices seen in treated htau animals.
In summary, intervention with curcumin at late stage in tangle-bearing htau mice reduces soluble tau oligomers and fyn, perhaps through increasing HSP70, HSP90 and HSC70, which have the potential to clear misfolded tau. These changes by curcumin improve the excitatory synaptic profile that may contribute to the improved behavioral performance. These data provide rationale for this bioavailable curcumin formulation approved for clinical use (28) to be a candidate for the treatment of tauopathies, including AD. Figure 1 . Curcumin selectively reduces a soluble tau dimer in aged htau mice. Htau mice were fed curcumin (Cur) or control diet (Tg) ad libitum from ages 15-16 months until time of sacrifice at 19-20 months and compared to age-matched wild-type (WT) mice fed control diet using densitometric analyses of immunoblots performed on hippocampal TBS, lysis and SDS fractions using different tau antibodies. A-D, TBS fractions of untreated htau mice showed a strong ~140 kDa tau dimeric band detected by antibodies to PHF-1, pTauS422 and total tau. In contrast, tau dimeric bands were typically non-detectable in WT mice and in curcumin treated htau mice. A strong ~225 kDa band was also detected by total tau antibody in htau mice that was absent in WT mice and reduced by curcumin (A). The TBS (E-G), lysis (H-L) and SDS fractions (L-O) of untreated htau mice also showed elevations in ~52-75 kDa tau forms detected with PHF-1, pTauS422 and total tau antibodies relative to WT mice, but these tau forms not affected by curcumin treatment. To ensure differences were not due to unequal protein loading, blots were stripped and reprobed for GAPDH, β-actin and β-tubulin in the TBS, lysis and SDS fractions respectively. Asterisks indicate significant differences relative to untreated htau mice as indicated by post hoc analyses: *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001.
Figure Legends
Figure 2.
Aberrant redistribution of excitatory synaptic proteins (PSD-95 and NR2B) in aged untreated htau mice was corrected by curcumin treatment. Immunoblots depict excitatory synaptic proteins from hippocampal lysis and SDS fractions of age-matched wild-type (WT), untreated htau mice (Tg). A, Scanning densometric analysis of PSD-95 demonstrates a 35% reduction in lysis fractions and 65% increase in the SDS fractions in the Tg group relative to the WT group. The Cur group was indistinguishable from the WT group. B, Analysis of the excitatory synaptic protein NR2B revealed that large reductions in the lysis fractions from the Tg group relative to the WT group. Conversely, the Cur group demonstrated elevated NR2B expression in this fraction. However, in SDS fraction, NR2B was increased in the Tg group relative to both the WT and Cur groups. C, Levels of fyn, which binds to and phosphorylates tau, were also measured. In lysis fractions, similar fyn levels were seen in from Tg and WT animals, but reduced fyn levels were seen in Cur animals. In contrast, analyses of SDS fractions revealed elevated fyn levels in the Tg group relative to the WT and Cur groups. There were no transgene or diet effects on GABA-A levels in any fraction (not shown). Asterisks indicate significant differences relative to untreated htau mice as indicated by post hoc analyses: *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001. There was no effect of transgene on cognate HSC70 (E) or the carboxy-terminus of HSP70-interacting protein (CHIP), a tau ubiquitin ligase (F). However, curcumin treatment in htau mice resulted in significantly increased HSC70 levels (p < 0.05, E) and a trend towards increased CHIP levels (p = 0.079, F). In TBS (cytosolic) fractions (G-L), there were no transgene-dependent alterations in any of the HSPs measured. However, curcumin treatment in htau mice resulted in a 3-fold elevation in HSP90 (p < 0.001, H). Asterisks indicate significant differences relative to untreated htau mice as indicated by post hoc analyses: *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001. 
Figure S2
A. Tau oligomers can be detected by human tau specific antibody tau 13. Tau 13 only detected human tau in htau mice but not mouse tau. Dako tau antibody can detect both human and mouse tau. B, C. 140 kDa tau dimers and high molecular weight tau oligomers containing cysteine-dependent and cysteine-independent two distinct forms, but most signals were cysteinedependent. Analysis of htau TBS fraction by non-reducing and reducing SDS-PAGE with or without 100 µM DTT showed that tau dimers and high molecular weight tau oligomers were broken down to monomers (cysteine-dependent) on reducing SDS-PAGE with only a very weak 140 kDa band after DTT (cysteine independent).
